The reference standard methods for drug susceptibility testing of Mycobacterium tuberculosis, such as culture on Lowenstein-Jensen or Middlebrook 7H10/11 medium, are very slow to give results; and due to the emergence of multidrug-resistant M. tuberculosis and extensively drug-resistant M. tuberculosis, there is an urgent demand for new, rapid, and accurate drug susceptibility testing methods. PCR-single-strand conformational polymorphism (PCR-SSCP) analysis has been proposed as a rapid method for the detection of resistance to rifampin, but its accuracy has not been systematically evaluated. We performed a systematic review and meta-analysis to evaluate the accuracy of PCR-SSCP analysis for the detection of rifampin-resistant tuberculosis. We searched the Medline, Embase, Web of Science, BIOSIS, and LILACS databases and contacted authors if additional information was required. Ten studies met our inclusion criteria for rifampin resistance detection. We applied the summary receiver operating characteristic (SROC) curve to perform the meta-analysis and to summarize diagnostic accuracy 
ratio method, which are well standardized with clinical isolates, at least for the major antituberculosis drugs. The proportion method was developed in the 1960s and is still the "gold standard" method used in many laboratories, especially in developing countries, because it is an inexpensive method easily accessible in these settings (1, 2) . In recent years, due to the long turnaround times of conventional drug susceptibility testing methods, several new approaches have been proposed for the faster detection of MDR Mycobacterium tuberculosis, including both genotypic and phenotypic methods (23, 24) . Among the genotypic methods proposed, PCR-single-strand conformational polymorphism (PCR-SSCP) analysis has been an important tool for detecting point mutations underlying genetic diseases since it was established in 1989 (9, 21) . Under nondenaturing conditions, single-stranded DNA (ssDNA) has a folded structure that is determined by intramolecular interactions and, therefore, by its sequence. Even a single point mutation can alter the conformation of ssDNA, so that the altered conformation affects the migration of ssDNA, which can be detected as abnormal bands on a nondenaturing gel. Thus, SSCP analysis has a high resolving power to distinguish most conformational changes caused by subtle sequence differences even in a several-hundred-base fragment (9) . The PCR-SSCP assay is relatively simple and was initially promising. Recently, the PCR-SSCP assay has been used in some studies for the rapid detection of rifampin-resistant M. tuberculosis (3, 11, 12, 17) . However, individually, these trials found that the sensitivity and specificity were statistically inconsistent. The purpose of the present study was to perform a systematic review and meta-analysis to synthesize all available literature on the PCR-SSCP assay for the rapid detection of rifampinresistant M. tuberculosis and to evaluate the overall accuracy of this method for the detection of rifampin resistance in isolates and in sputum samples.
MATERIALS AND METHODS
Search strategy and study selection. We searched the following electronic databases: Medline (from 1966 to 2010), Embase (from 1980 to 2010), Web of Science (from 1990 to 2010), BIOSIS (from 1994 to 2010), and LILACS (from 1980 to 2010). All searches were up to date as of March 2010. The search terms used included PCR, polymerase chain reaction, PCR-SSCP, PCR-single-strand conformation polymorphism, tuberculosis, Mycobacterium tuberculosis, drug susceptibility, drug resistance, diagnosis, rifampin, and rifampicin. All titles and abstracts retrieved were scrutinized for relevant studies on detection of drug resistance in M. tuberculosis using the PCR-SSCP assay.
The search through the electronic databases returned studies that used the PCR-SSCP assay for rapid drug susceptibility testing of M. tuberculosis. We identified results from all primary studies evaluating the accuracy (sensitivity and specificity) of the PCR-SSCP assay for the rapid detection of rifampin resistance in M. tuberculosis isolates or in sputum samples. We included studies that met the following predetermined criteria: studies that compared the PCR-SSCP assay with a reference standard method (including the proportion method, absolute concentration method, or radiometric Bactec 460-TB method); studies that reported on the detection of rifampin resistance; and studies that reported data on false-positive, true-positive, false-negative, and true-negative results. Our initial search had no language restrictions, but studies not available in the English language were excluded from the data extraction process.
Data extraction. Two independent reviewers (H.-B.X. and R.-H.J.) examined the titles and abstracts of all studies identified to confirm that they had fulfilled the inclusion criteria defined above. Titles and abstracts were first read independently by the two reviewers, and then all papers considered possibly eligible were reviewed independently by the authors, who assessed whether the paper was concerned with the PCR-SSCP assay for drug susceptibility testing. The bibliographies of selected articles were screened for potentially suitable references, which were then retrieved. Those studies that did not match with our requirements were taken out. Data from each article were extracted by one reviewer, and a sample of these was assessed by a second reviewer to check the accuracy of data extraction. The articles were examined in detail, and any disagreement was resolved by consensus with a third author. We classified data according to the following parameters included in Table 1 : the reference standard method used, type of sample (isolates or sputum), the sample size, and the outcome data (sensitivity and specificity, determined by comparison with the reference standard). For each study included, data were also extracted to generate a two-by-two table to estimate the sensitivity and the specificity of the PCR-SSCP assay. All extracted data were double-checked by a second author. Sensitivity (the truepositive rate [TPR] ) was defined as the proportion of isolates determined to be rifampin resistant by the reference method correctly identified to be rifampin resistant by the PCR-SSCP method. Specificity (true-negative rate or falsepositive rate [FPR] ) was defined as the proportion of isolates determined to be rifampin susceptible by the reference method correctly identified to be rifampin susceptible by the PCR-SSCP method.
Assessment of study quality.
We assessed the quality of the individual studies using criteria based on the Quality Assessment of Studies of Diagnostic Accuracy Included in Systematic Reviews (QUADAS) tools for the assessment of quality of diagnostic studies (36) .
Statistical analysis. We used standard methods recommended for meta-analysis of diagnostic test evaluations (5) . Measures of test accuracy for each study, sensitivity, specificity, positive likelihood ratio (PLR), negative-likelihood ratio (NLR), and diagnostic odds ratio (DOR), were computed using two statistical software programs (Stata, version 10 [Stata Corporation, College Station, TX], and Meta-Disc, version 1.4 [XI Cochrane Colloquium, Barcelona, Spain]). The analysis was based on a summary receiver operating characteristic (SROC) curve (5, 19) . The sensitivity and specificity for the single test threshold identified for each study were used to plot an SROC curve (15, 19) . A random-effects model was used to calculate the average sensitivity and specificity and the average values of the other measures across studies (10, 34) . The term heterogeneity, when it is used in relation to meta-analysis, refers to the degree of variability. Heterogeneity was detected using chi-square and I-square tests. To assess the effects of the QUADAS scores on the diagnostic values of the PCR-SSCP assay, we included them as covariates in univariate meta-regression analysis (inverse variance weighted). We also analyzed the effects of other covariates on DOR (i.e., cross-sectional design, consecutive or random sampling of patients, single or double interpretation of determination and reference standard results, and prospective data collection). The relative DOR (RDOR) was calculated to analyze the change in diagnostic precision in the study per unit increase in the covariate (30, 35) . Because publication bias is of concern for meta-analysis of diagnostic studies, we tested the potential presence of this bias using the Egger test (6).
RESULTS
Sixteen publications dealing with PCR-SSCP analysis for the detection of rifampin-resistant M. tuberculosis were considered to be eligible for inclusion in the analysis (3, 11, 12-14, 16, 17, 18, 20, 26, 27, 29, 31, 32, 33, 37) . Of those, three studies were excluded because only the PCR-SSCP assay was performed with rifampin-resistant M. tuberculosis isolates (27, 29, 32 ) and three did not calculate the sensitivity or specificity (20, 26, 32) . Subsequently, 10 studies (3, 11, 12-14, 16, 17, 18, 31, 37) including 482 specimens with rifampin resistance and 416 rifampin-susceptible specimens were available for analysis, and the characteristics of these studies, along with the QUADAS scores, are outlined in Table 1 .
Quality of reporting and study characteristics. The average sample size of the studies included was 90 (range, 37 to 201). Eight studies performed the PCR-SSCP assay on culture iso- lates, and two performed it on sputum samples. Eight studies used a standard phenol-chloroform method to extract chromosomal DNA for PCR amplification (3, 12-14, 16, 18, 31, 37) , two studies used the cetyltrimethylammonium bromide (CTAB)-NaCl method (11, 17) to extract DNA. Seven studies used the same PCR amplification primers (12-14, 16, 17, 18, 31) , and three studies used other primers (3, 11, 37) . All studies used the same SSCP analysis method. In addition, most laboratories used the proportion method for conventional drug susceptibility testing. Our initial data were affected by the poor quality of reporting in the primary studies. To overcome this problem, we contacted all authors of the 10 studies included in the analysis by air mail as well as e-mail, when e-mail addresses were available. Three authors who could provide additional data responded (3, 11, 17) . As shown in Table 2 , 9 of 10 studies (90%) were cross-sectional in design, the samples were collected from consecutive patients in 2 studies (22%), 1 study (10%) was blind, and all (100%) were prospective.
Diagnostic accuracy. Figures 1 and 2 show forest plots of the sensitivities and specificities of the 10 PCR-SSCP assays for the detection of rifampin resistance in Mycobacterium tuberculosis. The sensitivity and specificity ranged from 0.31 to 1.00 (mean, 0.79; 95% confidence interval [CI], 0.75 to 0.82) and from 0.76 to 1.00 (mean, 0.96; 95% CI, 0.94 to 0.98), respectively. PLR was 16.10 (95% CI, 5.87 to 44.13), NLR was 0.20 (95% CI, 0.10 to 0.40), and DOR was 100.93 (95% CI, 31.95 to 318.83). The chi-square and I-square tests for heterogeneity in the summary results suggested significant heterogeneity for sensitivity, specificity, PLR, NLR, and DOR across studies. Unlike a traditional ROC plot that explores the effects of various thresholds on sensitivity and specificity in a single study, each data point in the SROC plot represents a separate study. The SROC curve presents a global summary of test performance and shows the trade-off between sensitivity and specificity. A graph of the SROC curve for the PCR-SSCP assay determination showing true-positive rates versus false-positive rates from individual studies is shown in Fig. 3 . As a global measure of test efficacy, we used the Q value, the intersection point of the SROC curve with a diagonal line from the left upper corner to the right lower corner of the ROC space, which corresponds to the highest common value of sensitivity and specificity for the test. This point does not indicate the only or even the best combination of sensitivity and specificity for a particular clinical setting but represents an overall measure of the discriminatory power of a test. Our data showed that the SROC curve was positioned near the upper left corner of the SROC curve and the Q value was 0.92, while the area under the curve (AUC) was 0.97, indicating a high level of overall accuracy.
Multiple-regression analysis and publication bias. The quality for every study was scored using QUADAS criteria, where a 1 or a 0 was given if all criteria were fulfilled or not achieved, respectively (Table 1; see also Table S1 in the supplemental material) (37) . These scores were used in the metaregression analysis to assess the effect of study quality on the RDOR of the PCR-SSCP assay for the detection of rifampin Table 3 , there was no statistical significance in RDOR values between studies with higher and lower qualities. There was no significant difference between studies with or without cross-sectional, consecutive/random, and blinded designs. The evaluation of publication bias showed that the Egger test was not significant (P ϭ 0.152). The funnel plots for publication bias (Fig. 4) also did not reveal the presence of asymmetry.
DISCUSSION
The purpose of drug susceptibility testing is the early detection of drug resistance. This allows the better management and treatment of patients. The early identification of drug-resistant TB cases would decrease the risk of disease and possible amplification of drug resistance. The methods currently available for drug susceptibility testing of M. tuberculosis are cheap but slow in most areas with a high incidence of TB. There is obviously a great need for fast, reliable, and inexpensive methods for drug susceptibility testing of M. tuberculosis. However, any new rapid drug susceptibility testing method must be carefully calibrated with representative isolates of M. tuberculosis in order to determine in vitro the cutoff for resistant and susceptible isolates with acceptable reproducibility.
The present meta-analysis showed that the mean values of the sensitivity and specificity of the PCR-SSCP assay were 0.79 and 0.96, respectively, and that the maximum joint sensitivity   FIG. 3 . SROC curves for PCR-SSCP assays.
•, each study in the meta-analysis (the size of each study is indicated by the size of the solid circle). The maximum joint sensitivity and specificity (i.e., the Q value) was 0.9152; the AUC was 0.9671. SROC curves summarize the overall diagnostic accuracy. 4 . Funnel graph for the assessment of potential publication bias in PCR-SSCP assays. The funnel graph plots the log of the odds ratio (OR) against the standard error (SE) of the log of the odds ratio (an indicator of sample size).
•, each study in the meta-analysis. The result of the Egger test for publication bias was not significant (P ϭ 0.152).
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and specificity (Q value) was 0.92 and the AUC was 0.97, indicating a high level of overall accuracy. We also noted that two studies (11, 18) showed relatively low sensitivities (Ͻ0.70) and one study (13) demonstrated a low specificity (Ͻ0.90) when they used PCR-SSCP assays for the rapid detection of rifampin resistance in Mycobacterium tuberculosis. The DOR is a single indicator of test accuracy that combines the data from sensitivity and specificity into a single number and the ratio of the odds of a positive test result for a patient with disease or without disease (7) . The value of a DOR ranges from 0 to infinity, with higher values indicating better discriminatory test performance (i.e., higher accuracy). In the present meta-analysis, we found that the mean DOR was 100.93, also indicating a high level of overall accuracy, and also presented both PLR and NLR as diagnostically accurate, since the SROC curve and the DOR are not easy to interpret and use in clinical practice and ratios are considered to be more clinically meaningful (4, 8) . The PLR value was 16.10, indicating that the isolates in specimens with M. tuberculosis have an approximately 16-fold higher chance of being rifampin resistant than the isolates in specimens with susceptible M. tuberculosis. On the other hand, if the PCR-SSCP assay result was negative, the probability that the isolates in the sample are resistant is approximately 20%, which is not low enough to rule out resistance. These data suggest that a negative PCR-SSCP assay result should not be used alone as a justification to deny rifampin resistance in Mycobacterium tuberculosis.
An exploration of the reasons for heterogeneity rather than the computation of a single summary measure is an important goal of meta-analysis (25) . In our meta-analysis, QUADAS scores were used to assess the effect of study quality on RDOR. We found significant heterogeneity for sensitivity, specificity, PLR, NLR, and DOR among the studies analyzed, although the exact mechanism responsible for the significance was unable to be explained. There were no differences between studies with or without cross-sectional, consecutive/random, and blinded designs, which may contribute to the quality of the test performance. However, PCR-SSCP assay-related technical issues in the individual studies, such as the preanalytical steps and primers used and the method of DNA quantification, may be responsible for the heterogeneity.
The meta-analysis had several strengths. First, a standard protocol was used for carrying out the systematic review (22) , including a comprehensive search strategy. Moreover, two reviewers independently carried out various stages of the systematic review process, including article selection and data extraction. Lastly, rigorous methods were used for data analysis.
The meta-analysis was limited by the relatively small number of available studies and the types of outcomes reported in the studies. Some studies presented only data on sensitivity and specificity. An obvious limitation is the lack of data on whether or not the PCR-SSCP assay has a clinical impact on patient management and treatment outcomes and how much value the assay contributes beyond that offered by conventional tests. Data on cost-effectiveness and feasibility in routine program settings are also lacking. Furthermore, there is little current evidence on how the PCR-SSCP assay may fit into existing diagnostic and treatment algorithms. Despite using publication bias analysis, the considerable heterogeneity in the results remained unexplained; further work is necessary to determine why values vary across settings. Geographic and genetic variations in the distribution of drug-resistant strains of M. tuberculosis might partially explain the present findings. Finally, the present authors excluded two studies, published in Chinese and Japanese. The exclusion of non-English-language studies, combined with potential publication bias, may have resulted in an overly optimistic estimate of the accuracy of the PCR-SSCP assay.
A notable advantage of molecular tests is their rapid turnaround time, which may have implications for patient management and transmission of drug-resistant M. tuberculosis. The turnaround time for the PCR-SSCP assay is less than 48 h, making it substantially faster than conventional drug susceptibility testing methods. An important issue that remains, however, is the affordability of molecular assays and the associated laboratory infrastructure needs in resource-constrained settings. Molecular tests, whose prices are typically higher than those of conventional tests, may be popular in resource-rich settings. However, the most resource-constrained countries tend to have the highest burden of MDR-TB cases and are the least likely to benefit from expensive technologies because of high costs and a lack of appropriate laboratory capacity.
In conclusion, the PCR-SSCP assay demonstrates a high level of overall accuracy for the detection of rifampin resistance, which is a proxy for MDR-TB. This suggests that it has good utility as a rapid screening tool, especially in settings with high rates of MDR-TB. Use of the PCR-SSCP assay is currently limited to culture isolates and direct testing of smearpositive sputum specimens, and it is not commercially available. The PCR-SSCP assay is not recommended as a replacement for conventional culture and drug susceptibility testing for the detection of rifampin resistance in M. tuberculosis.
